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Abstract 
This paper presents the results of eigenstrain analysis in a friction stir welded 12mm-thick 12%Cr steel plate. The finite element 
models are established for inverse eigenstrain analysis for three different model cases. As the region containing the eigenstrain 
distribution expands, the accuracy of the residual strain reconstruction improves. If the eigenstrain is allowed to be present along 
the entirety of the sample, good agreement can be achieved. It is also noting that eigenstrain (permanent plastic strain) represents 
the consequence of numerous inelastic processes occurring during to welding. The results suggest that significant inelastic 
deformation of the plate takes place even at larger distances from the weld. This conclusion requires validation by independent 
means, experimental and/or modelling. 
© 2009 Elsevier B.V. All rights reserved 
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1. Introduction 
Friction Stir Welding (FSW), a relatively new joining process, is a solid phase welding technique. It was first 
proposed and developed in 1991 at TWI (The Welding Institute, UK). The welding is accomplished using a welding 
tool consisting of a pin and shoulder. The tool is rotated around its axis and inserted into the interface between the 
abutting edges of the two plates being joined. The tool then translates along the interface and ‘zips’ it together [1].  
So far a number of studies have been carried out in order to show and verify the advantages of friction stir 
welding compared with conventional processes, such as arc welding, laser welding, electron beam welding, etc; and 
the suitability of this joining method for many industries, such as aerospace, automobile manufacture, ship building, 
etc. Most studies so far have been focused on light (e.g. aluminium) alloys, while the application to the materials 
with higher melting temperatures, such as steel and titanium, have been limited by the difficulty of identifying 
suitable welding tool materials. However, in recent years these have been continuously improved [2-4]. 
Polycrystalline cubic boron nitride (PCBN) and alloys based on tungsten-rhenium (W-25Re) have been the leading 
candidates, but neither material has so far fulfilled al of the requirements for a friction stir weld tool material, such 
as the resistance to wear and thermal loading, and toughness [2]. In spite of the tool wear, mechanical properties of 
FSW joints of steel components are usually found to be acceptable. However, very limited data is available on the 
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residual stress states. Recently, FSW of steel plates has been successfully carried out using refractory metal welding 
tools in a collaborative project between HC Starck and TWI. The surface finish and the microstructural appearance 
of sections through the weld showed great improvements in terms of low porosity and few bonding defects. For 
industrial applications of this technique, it is crucial to understand the residual stresses thoroughly in order to control 
them by deformation or thermal processing, and to account for their presence in calculations. Therefore, the purpose 
of the present study was to investigate the residual stress states in these improved FSW joints between thick (about 
½ inch) steel (12%Cr) plates. This was achieved by carrying out residual strain measurement using synchrotron X-
ray diffraction, followed by inverse eigenstrain analysis.  
Inverse eigenstrain analysis of diffraction measurements is a relatively novel approach to residual stress 
modelling that makes full use of the fact that often residual stresses arise from localised plastic deformation, or 
misfit (within the thermo-mechanically affected zone (TMAZ) in the case of FSW). The rest of the component often 
responds predominantly elastically to the introduction of eigenstrain. The FE eigenstrain reconstruction method [5] 
then uses a parameterized distribution of unknown eigenstrain. Parameters of the distribution are found by 
minimising the disagreement between model predictions and the measurements.  
In this study, correlation was established between the results of residual strain measurements and the underlying 
permanent inelastic strain (eigenstrain) field. The reconstructed residual strains from the three different FE models 
are compared with the experimental results.  
2. Experimental 
The material used in the present study is 12% Cr steel which is a structural material for, in particular, first wall 
and blanket of fusion reactors. The joints were manufactured by butt welding with the two chromium steel plates on 
a stainless steel base plate, with a purpose of protecting the machine bed. In the process, the down-force was fixed at 
32kN, rotational speed fixed at 625rpm, lateral speed fixed at 2mm/sec. The dimensions of the joints were 203.2Ý 
66.2Ý12.7mm3, as can be seen in Figure 1.  
 
Fig. 1. Schematic of the FSW specimen 
Residual strain measurements on the FSW specimen were performed using high resolution energy-dispersive X-
ray diffraction on beamline ID15 at the European Synchrotron Radiation Facility (ESRF) in Grenoble, France. Twin 
detector setup was used to allow simultaneous measurement of strain parallel (z direction) and perpendicular (x 
direction) to the weld. Both detector were mounted at fixed scattering angles of °= 52θ . Beam spot size used was 
0.5¯0.5mm2 and counting time was 20 seconds per point. Measurements were conducted along a line at 2mm step 
along the x direction on the mid-section of the specimen (y=6.35mm and z=33.1mm). In the absence of reference 
strain-free samples, an approximation to the global value of 0a  (unstrained lattice parameter) was obtained by 
averaging the lattice parameter values in each direction. This leads to the determination of nominal strains, with a 
typical error of 5¯10-5, corresponding to stress uncertainty of only about 10MPa for steel. The diffraction patterns 
were interpreted and analysed using the procedure described previously [1]. Figure 2 shows the profiles of the 
residual elastic strain components 
zzε  and xxε . The former exhibits compressive strain in the region between 
±16mm, i.e. in the weld zone, and becomes residual tension in the heat affected zone. These strain distributions are 
similar to those found in the literature [10]. No significant strain magnitudes are found for the transverse strain 
xxε , 
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except in the vicinity of the weld zone. This fact is often observed for other joining and welding processes: strain 
components transverse to the weld direction are lower in magnitude and more localised than the longitudinal ones.  
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Fig. 2. Distribution of residual elastic strains εxx and εzz along the x direction (z = 33.1mm and y = 6.35mm). 
3. Eigenstrain Reconstruction using FEA 
The term “eigenstrain”, introduced by Mura [6], describes a permanent inelastic strain within the sample that can 
be thought of as the origin of residual stress. One of the advantages of the term “eigenstrain” is that its mechanical 
consequences can be studies without explicitly considering the physical mechanisms that lead to this state being 
established. Moreover, the very nature of eigenstrain means that it is independent of the specimen geometry; once 
established e.g. for a particular processing operation on a specimen, the same eigenstrain can be applied (with due 
consideration) for different geometries, in order to estimate the new residual stress distribution.  
In the present study the eigenstrain distribution within the FSW is determined using a variant of the 
reconstruction method proposed in literature [7-9]. A simplified inverse approach is used in conjunction with a basic 
two dimensional finite element model. The effect of limiting the size of region exposed to eigenstrain is explored. 
The aim of this study is to reconstruct the residual stress state observed in the steel friction stir welds. Thermo-
elastic finite element model was used to impose an eigenstrain distribution that induces a residual stress field. 
However, initially there is no knowledge of the correct eigenstrain distribution: the only data available is the residual 
elastic strain measurements made using high energy synchrotron X-ray diffraction (only strains in the z-direction are 
considered at this stage). It is assumed that the variation in the y-direction can be ignored, and therefore that the 
eigenstrain in the z-direction, zz** εε = , is a function of x-position only. Korsunsky et al [5] have presented a method 
whereby the unknown eigenstrain can be represented by a truncated series with unknown coefficients ic : 
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In their method iE  is made up from Chebyshev polynomials. In the present study, a series of overlapping 
triangles is used instead. Because of the simplifying assumptions, the finite element model could be reduced to a 2D 
problem. Three reconstruction attempts were carried out, with eigenstrain distributions limited to ±22mm (Case 1), 
±59mm (Case 2) and ±101.6mm (Case 3) respectively, as measured from the centre of the bond line. Case 3 was 
also considered in a 3D finite element model, however, with eigenstrain zz*ε  only varying in the x-direction. 
4. Reconstructed residual elastic strain fields 
Using the reconstruction method introduced in section 3, the eigenstrain distributions for the three cases were 
found by inversion [5], and then imposed upon the weld so that the reconstructed elastic strains could be extracted. 
Figure 3 shows the residual elastic strain profiles plotted alongside the experimental data used to generate them. As 
the region exposed to eigenstrain increases, so does the accuracy of the model’s prediction. In Case 3 (±101.6mm) 
the prediction follows the measured data very closely, with the exception of an artefact around x = -100mm, mostly 
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likely due to a mismatch between the ranges of available X-ray data and the range of the model’s output. In Cases 1 
and 2 there is good agreement in the region where eigenstrain is applied but not outside this region.  
Excellent agreement can be achieved when eigenstrain is installed throughout the sample. However, this 
conclusion contradicts the assumption that eigenstrain only arises in the vicinity of the bond, within the thermo-
mechanically affected zone (TMAZ). The impossibility of matching the complete residual elastic strain distribution 
by installing a localised eigenstrain distribution suggests that a significant variation of the unstrained lattice 
parameter must exist within the sample and needs to be taken into account in the data analysis. 
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Fig. 3. Residual elastic strain field for the steel FSW: measured profile and three different reconstructions. 
5. Conclusion 
It is clear that the eigenstrain modelling methodology used here can lead to very accurate predictions of the 
residual stresses in friction stir welds. However the various test cases have demonstrated that the size if region of 
eigenstrain is extremely influential in the quality of prediction that the method yields. If physically realistic 
constraints are placed on the eigenstrain then this model’s results are very limited in its range of accuracy, 
suggesting that the 1-D assumption for the eigenstrain is to limiting and a more complex distribution is needed (i.e. 
varying in both x and y position). 
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